Despite their powerful antiinflammatory effect, glucocorticoids have shown no significant clinical benefit in respiratory syncytial virus (RSV)-induced bronchiolitis, the reason for which remains unclear. Upon glucocorticoid binding, the cytoplasmic glucocorticoid receptor (GR) translocates to the nucleus with the help of importin 13 (IPO13). Here, we report that RSV infection reduced GR nuclear translocation in nasopharyngeal aspirates from RSV-infected infants, lungs of infected mice, and A549 cells, which coincided with decreased IPO13 expression. This led to repression of GR-induced antiinflammatory genes, such that dexamethasone failed to suppress airway inflammation and airway hyperresponsiveness in the infected mice. The anti-GR effect of RSV was mediated by viral nonstructural protein 1 , which likely functioned by competing with IPO13 for GR binding. Our findings provide a mechanism for the ineffectiveness of glucocorticoids in RSV-related disease and highlight the potential to target the IPO13-GR axis as a treatment for multiple glucocorticoid-related diseases.
Respiratory syncytial virus (RSV) plays a major role in acute lower respiratory tract infections, causing bronchiolitis and bronchial obstruction in children worldwide. Approximately 39% of infants hospitalized for severe early RSV bronchiolitis experienced relapsed wheezing or asthma in adulthood, staring at the age of 18 years [1] . Despite decades of research, no reliable RSV vaccine has yet been produced, and passive antibody treatment with the monoclonal antibody palivizumab remains a highly expensive option [2] .
Glucocorticoids are among the most potent antiinflammatory agents available and control inflammatory responses in a wide range of diseases. Recent reports have revealed that glucocorticoids offer no significant clinical benefit in RSV-induced bronchiolitis [3, 4] . However, the potential roles of RSV infection in interfering with the ability of glucocorticoids to suppress inflammation are not well studied. Several molecular mechanisms of glucocorticoid insensitivity have been seen in patients with asthma or chronic obstructive pulmonary disease and in psoriatic epidermal keratinocytes; in vitro studies have elucidated additional mechanisms, including reduced glucocorticoid receptor (GR) nuclear translocation [5] [6] [7] . Recently, Hinzey et al [8] showed that RSV reduced glucocorticoid induction of GR-regulated genes in lung epithelium-derived cells. Webster et al [9] showed that GR-mediated transactivation is impaired in RSV-infected lung epithelial cells. These studies indicated that RSV repression of GR-mediated transactivation may be the result of reduced GR nuclear translocation. GR is activated upon ligand binding, and the complex then translocates into the nucleus with the aid of nuclear importins, where it mediates its antiinflammatory actions. Several nuclear importin receptors, including importin 7 (IPO7) and importin 13 (IPO13), have been shown to be critical for GR nuclear translocation into the lung or airway cells [10, 11] . Specifically, IPO13 knockdown by small interfering RNA (siRNA) was shown to impair GR nuclear localization [10] . Recently, several viruses were reported to interact with importins. Rotavirus binding to importin α5 inhibited interferon (IFN)-induced signal transducer and activator of transcription (STAT) nuclear translocation [12] . Nonstructural protein 1β, one of 2 nonstructural proteins of porcine reproductive and respiratory syndrome virus, induced importin α1 degradation, which resulted in blockade of IFN-stimulated gene factor 3 nuclear translocation [13] . The RSV matrix protein was also shown to directly interact with importin β1, which mediated its nuclear import [14] . Additionally, nonstructural protein 1 (NS1), one of 2 nonstructural proteins of RSV, was shown to competitively bind to importin α5 and prevent its interaction with STAT1, which blocked STAT1 translocation into the nucleus [15] . Based on these results, we hypothesized that RSV nonstructural proteins interact with specific importins that mediate GR nuclear translocation.
The present study confirms and extends previous findings by demonstrating that that RSV infection reduces GR nuclear translocation not only in A549 cells but also in the mouse model and in RSV-infected infants. Furthermore, we show that RSV NS1 interacts with IPO13, thus preventing GR binding to IPO13 and abrogating GR nuclear translocation.
MATERIAL AND METHODS

Research Subjects
Thirty-three children with RSV infection, hospitalized from November 2014 to January 2015 in the Department of Respiratory Medicine, Children's Hospital, Chongqing Medical University, were enrolled in this study. Within the first days after hospital admission, nasopharyngeal aspirates were prospectively collected from all subjects. Immunofluorescence assays were conducted to detect the presence of RSV, adenovirus, influenza A and B virus, and parainfluenza virus 1, 2, and 3 in the nasopharyngeal aspirates. Infants in whom viruses other than RSV were detected were not included in the study. Those considered positive for bacterial infection on the basis published criteria [16] were excluded, as well. The control group was selected from infants with no evidence of infection who underwent surgical therapy only to clear secretions from the airway.
Nasopharyngeal Aspirate Analysis
Nasopharyngeal aspirates were collected and processed as previously described [16] . In brief, the nasopharyngeal aspirate was gently collected and mixed uniformly. Then, 0.5 mL of the aspirate was transferred to a new tube, to which 2 mL of 0.1% dithiothreitol was added, and the mixture was vortexed for 15 seconds and rocked on a bench rocker for 15 minutes. The suspension was subsequently centrifuged at 306 g for 10 minutes. Cell-free supernatants were collected and stored at -80°C. A portion of the cell pellet was used to prepare slides for immunofluorescence analysis, and the rest was used for total RNA extraction.
Cell Culture and Virus Infection
A549 cells were grown in monolayer in Dulbecco's modified Eagle's medium with 10% fetal bovine serum at 37°C and 5% CO 2 . For viral adsorption, overnight culture of A549 cells in 12-or 6-well plates was infected with RSV at a multiplicity of infection of 1 for 2 hours.
siRNA Experiments RSV NS1 siRNA and negative control siRNA, tagged internally with Cherry, were purchased from Genechem (Shanghai, China). The siRNA sequences were as follows (only the sense strand is shown): siNS1, 5´-GGCAGCAAUUCAUUGAGUAUG-3´; siCON207 (negative control), 5´-UUCUCCGAACGUGUCACGU-3´. The oligonucleotide sequences were inserted into the GV298 plasmid at appropriate sites. Cells were transfected with siNS1 or siCON207, using the Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA), according to manufacturer's instructions. Twelve-well or 6-well plates of A549 cells with or without a round coverslip were infected with RSV, and 2 hours later, the siRNA was transfected using Lipofectamine 2000 for 36 hours.
Mice
Female BALB/c mice 6-8 weeks old were purchased from the Animal Laboratory of Chongqing Medical University. The mice were bred under accredited specific-pathogen-free conditions in separate filter-top cages according to the experimental design.
RSV Infection and Dexamethasone Treatment of Mice
Mice were inoculated with RSV as previously described [17] . We used the human RSV A2 strain, confirmed by testing to be free of lipopolysaccharide, and inoculated mice intranasally with 1.5 × 10 8 plaque-forming units of virus in 100 μL of phosphate-buffered saline (PBS) or, for sham infection, with 100 μL of PBS alone. Mice were injected intraperitoneally daily with either dexamethasone (Sigma-Aldrich, St. Louis, MO) at 0.1 mg/kg, 1 mg/kg, or 10 mg/kg or with PBS on day 0 (1 hour after RSV infection) and on days 1-7, consecutively. RSV was inactivated by treating with UV light irradiation (via a 125 W bulb) at 9 × 10 5 μJ/cm 2 for 30 minutes, using a UV crosslinker (Thermo Scientific, Waltham, MA). Airway function was measured as previously described [17, 18] .
Analysis of Infiltrated Inflammatory Cells in Bronchoalveolar Lavage
Fluid (BALF)
BALF was collected for cytokine concentration measurements and inflammatory cell evaluation as previously described [17] .
Measurement of Cytokine Levels
Mouse-or human-specific enzyme-linked immunosorbent assay kits were used to measure IFN-γ and interleukin 6 (IL-6) levels in BALF (Sizhengbai, Beijing, China) and IFN-γ, IL-6, and interleukin 8 (IL-8) levels in nasopharyngeal aspirates (Boster, Wuhan, China).
Lung Histopathologic Analysis
Mice left lung lobes were removed, fixed in 10% (v/v) neutral-buffered formalin for 24 hours, embedded in paraffin, and stained with hematoxylin-eosin. The degree of airway inflammatory cell infiltration was scored as previously described [19] .
The A549 cells were grown on round coverslips. For the mouse studies, single-cell suspensions of fresh lung tissue specimens were prepared, and the cells were spun down onto cytospin slides. For the infant studies, slides of nasopharyngeal aspirates were made. The slides or coverslips were fixed with 4% paraformaldehyde. Blocking was performed using 5% bovine serum albumin. The slides or coverslips were then incubated with anti-GR antibody (1:50; Santa Cruz Biotechnology; USA) overnight at 4°C, followed by fluorescein isothiocyanate-conjugated goat anti-mouse secondary antibody (1:200; Beyotime, China) for 1 h at room temperature. The nuclei were stained with DAPI mounting medium for 30 min at room temperature. Immunofluorescent images were obtained using a fluorescence microscope (Olympus, Japan) and analyzed with Image-Pro Plus (Media Cybernetics, Bethesda, MD).
Quantitative Reverse-Transcription Polymerase Chain Reaction (RT-PCR)
Analysis
Total RNA from nasopharyngeal aspirates, mouse lung tissue specimens, and A549 cells was extracted using the RNAiso Plus reagent (TaKaRa). After quantitation, 2 µg of RNA underwent reverse transcription for 15 minutes at 37ºC and 15 seconds at 85ºC, using a TaKaRa kit. RSV copy numbers were quantified with TaqMan RT-PCR analysis as previously described [19] .
Real-time PCR was performed to detect relative human gene expression levels, including NR3C1α (hGRα), NR3C1β (hGRβ) IPO13, IPO7, GILZ, FKBP5 (FKBP51), DUSP1 (MKP-1), and GADPH, as well as relative mouse gene expression levels, including Nr3c1α (GRα), Ipo13, Gilz, Fkbp5 (FKBP51), Dusp1 (MKP-1), and β-actin. The primers are shown in Table 2 .
Immunoblot (Western) Analysis
Lung homogenates and A549 cells were obtained, and all cytoplasmic and nuclear protein was extracted using a nuclear extraction kit (Active Motif, CA) in accordance with the manufacturer's protocol. Samples containing equal quantities of protein were separated and then transferred onto polyvinylidene difluoride membranes. The membranes were probed with primary antibodies against GR (1:500; SANTA, USA), IPO13 (1:500; SANTA, USA), Lamin B1 (1:2000; Proteintech Group, USA), GADPH (1:5000; Proteintech Group), NS1 (1:1000; Merck Millipore, Germany) or β-actin (1:5000; cwbiotech, China). Alkaline phosphatase-conjugated goat anti-rabbit secondary antibody (1:10 000; MultiSciences, China), rabbit anti-goat antibody (1:10 000; Proteintech Group), and goat antimouse antibody (1:10 000; MultiSciences) were used to detect the respective protein bands. Signals were quantified using Quantity One software (Bio-Rad, Hercules, CA).
Immunoprecipitation Assays
A549 cell lysates were used for immunoprecipitation assays with a starter kit (Bio-Rad, USA). Briefly, 10 μg of anti-IPO13 or anti-GR antibody was added to the magnetic beads in final volume of 200 µL, and the slurry was rotated for 1 hour at room temperature. Antigen-containing cell lysate (400 µL) was then added, and the rotation continued for 2 hours at room temperature. The beads were then magnetically separated, washed, suspended in 40 µL of 1× Laemmli buffer, and incubated for 10 minutes at 70°C. The beads were magnetically removed, and the eluate was transferred to a fresh tube for immunoblotting (Western) analysis.
Glutathione S-Transferase (GST) Pull-Down Assays
GST alone, GST-GR, GST-IPO13, His-NS1, and His-IPO13 fusion proteins were expressed in Escherichia coli BL21 and purified from bacterial lysates by batch elution, using Glutathione Sepharose (GE Healthcare Life Sciences). These purified GST fusion proteins were identified by Western blot with antibodies specifically recognizing His-tag and GST. Purified GST fusion proteins (30 μg) coupled to glutathione-Sepharose 4B beads were incubated overnight at 4°C. Complexes were washed and subjected to Western blot analysis using specific anti-GST and anti-His antibodies.
Statistical Analysis
All statistical tests were performed using the Prism GraphPad Software (La Jolla, CA), and the results are expressed as mean values ± standard errors of the mean. Two-way analyses of variance (ANOVA) with Bonferroni post hoc tests were used to compare airway hyperresponsiveness differences among multiple groups. ANOVAs were used to determine differences between all groups. Differences were considered to be significant when P values were <.05.
Ethics Statement
Animal experiments were approved by the Ethics Committee of Chongqing Medical University of Medical Sciences, and the experiments were performed according to the guidelines provided by the Chinese Council on Animal Care (license numbers SCXK [Yu] 2012-0001 and SYXK [Yu] 2012-0001). Use of infant nasopharyngeal aspirate samples was approved by the Ethics Committee of the Children's Hospital, Chongqing Medical University (permit number 2015-77), and the parents or legal guardians provided written informed consent to participate in the study before the infants were enrolled. All procedures were performed in accordance with the approved guidelines and in compliance with the principles of the Declaration of Helsinki.
RESULTS
hGRα and hGRβ Gene Expression and GR Subcellular Localization in Nasopharyngeal Aspirates of RSV-Infected Infants
We evaluated hGRα and hGRβ expression in nasopharyngeal aspirates from RSV-infected and control infants. The level of hGRα expression did not significantly differ between the groups, whereas the hGRβ was significantly decreased in RSVinfected infants. In the control infants, GR in nasopharyngeal aspirate cells was localized in the cellular cytoplasm and nuclei; however, in the RSV-infected infants, GRα was localized almost completely in the cytoplasm ( Figure 1A and 1B). The nuclear translocation of GR is thought to be achieved through the importin system. Thus, we evaluated IPO7 and IPO13 gene expression. While the IPO7 expression levels did not change, the IPO13 levels significantly decreased in the RSV-infected infants ( Figure 1C) . Moreover, in RSV-infected infants, total cell counts and inflammatory infiltrating cell counts were higher than those in controls, and the same trend was observed for the cytokines IL-6 and IL-8 (Supplementary Figure 1A and 1B) .
Dexamethasone Has No Effect on RSV-Induced Airway Inflammation in Mice
We found abundant leukocyte infiltration in BALF on days 3, 5, and 7 after infection (Figure 2A and 2B) . Among dexamethasone-treated RSV-infected mice, total leukocyte counts were similar to those in untreated RSV-infected mice on day 7, but neutrophil counts increased significantly and lymphocyte counts decreased significantly in a dose-dependent fashion ( Figure 2B ). Histopathologic analysis of lungs from infected mice revealed tissue damage and significantly greater pulmonary histological scores, compared with controls. Dexamethasone treatment not only failed to reduce the damage of the lung tissue, but actually aggravated it ( Supplementary Figure 2A-2C) . We then examined whether dexamethasone altered RSV replication, as quantified by the RSV RNA load, and the results were negative for days 3 and 5 after infection; Effects of dexamethasone on respiratory syncytial virus (RSV)-induced airway inflammation and airway hyperresponsiveness in mice. On days 3, 5, and 7, control mice, RSV-infected mice, and dexamethasone (DEX)-treated RSV-infected mice were assessed for respiratory function by measuring airway resistance with a double-chamber plethysmography. Bronchoalveolar lavage fluid (BALF) was collected to determine inflammatory cell counts. A, Total cell counts and inflammatory cell counts, including monocyte, lymphocyte, neutrophil, and eosinophil counts, in BALF after DEX treatment on days 3 and 5 are shown (n = 6). B, Different DEX doses affected the total and inflammatory cell levels in BALF on day 7 after RSV infection (n = 6). C and D, Penh values in response to methacholine concentrations of 0, 3.125, 6.25, 12.5, 25, and 50.0 mg/mL on days 3, 5, and 7 in RSV-infected mice or DEX-treated RSV-infected mice (n = 6). One-way analysis of variance was used for comparisons of total cell, monocyte, lymphocyte, neutrophil, and eosinophil counts to those for control mice. **P < .01 and ***P < .001 for comparisons of RSV-infected mice (RSV) and RSV-infected mice treated with DEX (RSV+DEX) to control mice; ^^P < .01 and ^^^P < .001 for comparisons of the RSV+DEX group to the RSV group by the unpaired Student t test.
however, dexamethasone significantly increased the viral load on day 7 (Supplementary Figure 2D) .
Dexamethasone Has No Effect on RSV-Induced Airway
Hyperresponsiveness in Mice
Airway hyperresponsiveness was evaluated by calculating the Penh values, which were found to be significantly higher for RSV-infected mice than for the uninfected control group, with methacholine concentrations between 12.5 and 50.0 mg/ mL. High-dose dexamethasone treatment did not reduce airway hyperresponsiveness caused by RSV ( Figure 2C and 2D) . On day 7, Penh values were still higher at different dexamethasone doses than in controls, and there was no decrease as compared to findings in untreated RSV-infected mice ( Figure 2D ).
Dexamethasone Does Not Suppress RSV-Induced IFN-γ and IL-6 Overproduction in Mice
RSV infection increased the IFN-γ levels, which remained high following dexamethasone treatment. The results were unchanged when mice were treated with a different dexamethasone dose. The same was observed for IL-6, whereby dexamethasone treatment did not decrease BALF IL-6 levels; rather, it increased IL-6 production in BALF (Figure 3) .
GR Expression and Nuclear Translocation in the Lung of RSV-Infected Mice
GRα and Ipo13 messenger RNA (mRNA) levels in lung tissue were both decreased after RSV infection. The effect was dependent on viral replication because UV-irradiated RSV had no effect on GRα and Ipo13 mRNA levels ( Figure 4A 
Figure 3. Effects of dexamethasone (DEX) on interferon γ (IFN-γ) and interleukin 6 (IL-6) production, as measured in bronchoalveolar lavage fluid (BALF), after respiratory syncytial virus (RSV) infection. A and C, RSV-infected mice were treated with DEX, and IFN-γ and IL-6 levels were measured in BALF collected on days 3, 5, and 7. The results represent means ± standard errors of the mean (SEMs) of 6 independent experiments (n = 6). B and D, To determine the effects of different DEX doses on IFN-γ and IL-6 production, RSV-infected mice were treated with 0.1 mg/kg, 1.0 mg/kg, or 10 mg/kg DEX, and on day 7 BALF was collected to measure IFN-γ and IL-6 levels. The results represent means ± SEMs of 6 independent experiments (n = 6). One-way analyses of variance were used to compare RSV-infected mice (RSV) and RSV-infected mice treated with DEX (RSV+DEX) to control mice. *P < .05, **P < .01, and ***P < .001 for comparisons of the RSV+DEX and RSV groups to the control group; ^^P < .01 and ^^^P < .001 for comparisons of the RSV+DEX group to the RSV group by the unpaired Student t test.
and 4C). GR and Ipo13 protein levels were also downregulated in the total lung tissue extracts after infection ( Figure 4B and 4D) GR nuclear translocation was determined by analyzing the GR protein levels in the nuclear and cytosolic extracts and by immunofluorescence. In dexamethasone-treated RSV-infected mice, the relative total cytosolic GR levels in lung tissue were higher than those in noninfected mice and mice infected with UV-irradiated RSV. However, the nuclear GR protein relative levels were significantly lower, even with dexamethasone treatment, in the RSV-infected group ( Figure 5B) . These results were confirmed by fluorescence microscopy, which showed significant reduction of GR nuclear localization after RSV infection ( Figure 5A ). Additionally, expression of 3 GR-regulated genes was determined by real-time PCR. Compared with mock infection, infection with live but not UV-irradiated RSV repressed dexamethasone induction of the genes encoding the inflammatory proteins Gilz, MKP-1, and FKBP51, an immunophilin ( Figure 5D ).
NS1 Knockdown by siRNA Increased GR Nuclear Translocation and IPO13-GR Binding in A549 Cells
To confirm the effect of RSV infection on GR nuclear translocation in the animal model, we infected A549 cells with RSV. Indeed, as was seen in mice, RSV infection repressed dexamethasone-induced GILZ and FKBP51, compared with either mock infection or UV-irradiated RSV infection ( Figure 6C ). Additionally, GR entry into the nucleus was suppressed after RSV infection ( Figure 6A ). Next, we investigated whether NS1 was responsible for the RSV-mediated effect on GR nuclear translocation. A549 cell infection with RSV repressed dexamethasone-induced GILZ and FKBP51 expression, whereas NS1 knockdown by siRNA significantly restored expression ( Figure 7B ). Immunofluorescence confirmed that the entry of GR into the nucleus was partly recovered when treated with siNS1 in RSV-infected A549 cell ( Figure 7A ). However, CON207 treatment had no effect on either GR-induced genes expression or GR nuclear translocation in RSV-infected cells. Figure 4 . Downregulation of glucocorticoid receptor (GR) and importin 13 (IPO13) expression following respiratory syncytial virus (RSV) infection. RSV-infected mice were sacrificed on days 3, 5, and 7 after RSV infection and dexamethasone (DEX) treatment. Lung tissue was collected for gene and protein expression examination. A and C, GRα and IPO13 gene expression after RSV or UV-irradiated RSV infection and treatment with DEX on days 3, 5, and 7 (n = 5-6). B, Lung GR levels after RSV infection on day 7 (n = 3). D, Lung IPO13 levels after RSV infection on day 7 (n = 3). One-way analysis of variance was used for comparison of RSV-infected mice (RSV) and RSV-infected mice treated with DEX (RSV+DEX) to control mice. *P < .05, **P < .01, and ***P < .001 for comparisons of the RSV and RSV+DEX groups to the control group and for comparisons of mice treated with DEX (DEX) and UV-irradiated-RSV-infected mice treated with DEX (UV-RSV+DEX) to the RSV+DEX group by the unpaired Student t test. 
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0.5 . On day 7, mice were euthanized, and fresh lung tissue was used to make single-cell suspensions. Then, cells were spun down onto cytospin slides. GR expression within the cytoplasm and the nucleus was determined with a fluorescence microscope. C, GR nuclear translocation was determined by Image-Pro Plus analysis and plotted as a fluorescence intensity ratio between the nucleus and cytoplasm. The results represent means of 3 independent experiments. B, Lung GR levels in the cytoplasm and nucleus after RSV infection on day 7 (n = 3). C, GR-regulated expression levels of genes, including Gilz, MKP-1, and FKBP51, in the lung and the gene encoding the endogenous control, β-actin, were determined by real-time polymerase chain reaction analysis. Means and SDs are shown (n = 5-6). One-way analysis of variance was used for comparisons of mice treated with DEX (DEX) or UV-irradiated-RSV-infected mice treated with DEX (UV-RSV+DEX) to RSV-infected mice treated with DEX (RSV+DEX). *P < .05, **P < .01, and ***P < .001 for comparisons of the DEX, RSV+DEX, and UV-RSV+ DEX groups to the control group by one-way analysis and for comparisons of the DEX and UV-RSV+DEX groups to the RSV+DEX group; ***P < .001 for comparisons of the DEX D7 and UV-RSV+DEX D7 groups to the RSV+DEX D7 group by the unpaired Student t test; ^^^P < .001 for comparison of the RSV group to the control group and for comparisons of the DEX and UV-RSV+DEX groups to the RSV+DEX group both the unpaired Student t test.
NS1 expression was increased after RSV infection and dexamethasone treatment ( Figure 7C ). Our studies in A549 cells revealed that NS1, IPO13, and GR interact with each other ( Figure 7C ). siRNA-mediated knockdown of NS1, a nonstructural RSV protein, led to increased binding of IPO13 with GR. The GR expression was significantly higher in RSV-infected A549 cells treated with siNS1 than those treated with negative control siRNA ( Figure 7C ). Finally, GST pull down experiments confirmed that GR directly interacts with IPO13, while NS1 also directly binds to IPO13 ( Figure 7D ).
DISCUSSION
Early studies showed that dexamethasone can repress RSV induction of IL-8 in tracheal aspirates from patients and interleukin 11 mRNA levels in lung epithelial cells [20, 21] . However, most studies of steroid treatment for RSV bronchiolitis revealed no positive outcome [3, 4, 22] , and the mechanism for failure remained uncertain. Our results presented here showed that glucocorticoids did not suppress IFN-γ production, which has been shown to mediate inflammatory and airway hyperresponsive events associated with RSV infection [17] . The total cell numbers, as well as neutrophil numbers in BALF, did not decrease with dexamethasone treatment. Additionally, studies have shown that glucocorticoids can decrease virus titers after infection in the heart [23] , while others found that glucocorticoids did not alter viral load in tracheal aspirates of RSV-induced bronchiolitis [24] . Our studies show that dexamethasone prolonged the existence of RSV in the lung. Together, these results suggest that glucocorticoids are ineffective in RSV-induced airway inflammation and airway hyperresponsiveness.
Glucocorticoids mediate their antiinflammatory action through binding to the GR (also known as the classic GR or GRα) in the cytoplasm [25] . The binding relieves the sequestration of the GR complex in the target cell, leading to GR activation and rapid nuclear transport. The homodimerized GR binds to the glucocorticoid-responsive element in the host cell genome, inducing antiinflammatory gene expression [26] . Alternatively, activated GR can repress gene transcription through inhibition of the nuclear factor κB and mitogen-activated protein kinase (MAPK) signaling pathways [27] . The reduced number of GRs, altered GR nuclear translocation, and reduced GR-DNA binding ability have been found in some diseases and have also been observed in cells in which corticosteroid responsiveness was reduced [8, 28] . The present study is the first to show that RSV infection reduced GR nuclear translocation in RSV-infected infants, a mouse model, and the type II-like alveolar epithelial A549 cell line. Levels of GR-inducible gene, including GILZ, MPK-1 and FKPB51, were repressed after RSV infection in mice or cells, and this repression was dependent upon viral replication. GILZ, which has been shown to regulate nuclear factor κB p65 DNA binding and MAPK activity [29, 30] , and MKP-1, which dephosphorylates and inactivates the MAPK family members [31, 32] , were demonstrated to be important mediators of the antiinflammatory actions of glucocorticoids. Taken together, these findings suggest that RSV infection led to glucocorticoid insensitivity by reducing GR nuclear translocation. Very little is known about the interaction between RSV infection and GR nuclear translocation. Reduced GR nuclear translocation in glucocorticoid-insensitive asthma reportedly was caused by altered histone acetylation [33] , increased GRβ expression [34] , or altered GR phosphorylation status [35] . Recently, Diaz et al [36] showed increased GRβ expression in RSV bronchiolitis. However, we found that GRβ expression was also reduced in nasopharyngeal aspirates after RSV infection. More recently, Webster et al [9] showed that RSV NS1 impaired expression of genes encoding antiinflammatory proteins induced by glucocorticoids. This indicated that NS1 might interrupt the GR nuclear translocation. The entry of the GR complex into the nucleus is mediated through its interaction with importins. The importin family members IPO7 and IPO13 have been shown to mediate GR localization into airway cell nuclei [10, 11, 37] . Our data showed that expression of IPO13 rather than IPO7 was decreased in nasopharyngeal aspirates from RSV-infected infants. Similar to what we found in infants after RSV infection, IPO13 mRNA and protein expression levels were both downregulated in infected mice, as well. Additionally, and consistent with findings by Webster et al [9] , the present work showed that NS1 knockdown by siRNA increased GR-induced GILZ and FKBP51 expression. Moreover, we found that RSV-mediated suppression of GR nuclear translocation was also abrogated following NS1 knockdown, which suggested that RSV NS1 blocks GR nuclear translocation. Our protein-protein interaction analysis and NS1 knockdown studies revealed that NS1 interacts with IPO13, indicating that NS1 can compete with GR for IPO13 binding, thus abrogating GR nuclear translocation. Last, a previous study showed that GR can induce IPO13 (also named LGL2) gene expression in fetal rat lung [38] . Thus, IPO13 gene expression could be further downregulated as the retained cytoplasmic GR that decreased IPO13 would impair the GR nuclear translocation step. To the best of our knowledge, this is the first study to examine the effects of RSV NS1 on IPO13 in relation to GR function. Nonstructural protein 1 (NS1) knockdown increased glucocorticoid receptor (GR) nuclear translocation and GR-importin 13 (IPO13) binding. A, A549 cells were incubated with respiratory syncytial virus (RSV) for 2 hours, and siNS1 or siCON207 were added. Thirty-three hours later, 100 nM dexamethasone (DEX) was added, and the cells were incubated for 3 more hours. GR expression levels within the cytoplasm and the nucleus were determined with a fluorescence microscope. GR nuclear translocation was determined by Image-Pro Plus analysis and plotted as a ratio of fluorescence intensity in the nucleus and cytoplasm. The results represent means of 4 independent experiments. B, Expression levels of GR-regulated genes, including GILZ and FKBP51, and the endogenous control gene, GADPH, were determined by real-time PCR in the cells. Means and SDs are shown (n = 6). C, Total cell NS1 expression levels were determined by Western blot (WB; n = 3). GR binding to IPO13 was determined by immunoprecipitation (IP). D, GST pull down showed that IPO13 interacts with NS1 or GR. **P < .01 and ***P < .001 by the unpaired Student test. IgG, immunoglobulin G; mRNA, messenger RNA.
In summary, glucocorticoids do not suppress RSV-induced airway inflammation and airway hyperresponsiveness in mice. RSV infection downregulates IPO13 expression and reduces GR nuclear translocation in both mice and infant nasopharyngeal aspirate cells. RSV NS1 competes with IPO13 for binding to GR and thus blocks GR nuclear translocation. The resultant impaired GR antiinflammatory function leads to the ineffectiveness of glucocorticoids in the treatment of RSV-induced bronchiolitis. These findings help elucidate the ineffectiveness of glucocorticoids in RSV-related diseases and further highlight the potential to target IPO13-GR as a treatment for multiple glucocorticoid-related diseases. Clearly, mapping of the NS1-IPO3 interacting domains and formulation of drugs that block the interaction will be promising new directions in this area.
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